Flagella, also called cilia, are cellular organelles that can be found in most organs in the human body as 37 well as in many other multicellular and unicellular eukaryotes. They are membrane-covered cellular 38 extensions that can act as a source of motility [1] [2] [3] [4] [5] , a sensory organelle 6-8 and often a combination of both 39 [9] [10] [11] . Ciliopathies are a group of genetic diseases caused by malfunctions of human flagella and when such 40 diseases specifically affect motile flagella they are called primary ciliary dyskinesia (PCD). PCD heavily 41 affects patients' health with recurring pulmonary infections, deafness and infertility amongst many other 42 medical issues [12] [13] [14] [15] [16] . 43
The flagellar proximal end emanates from a cytoplasmic basal body, which contains a ring of nine triplet 44 microtubules (MTs) [17] [18] [19] [20] . Each triplet contains a complete 13-protofilament A-tubule as well as 45 incomplete 10-protofilament B-and C-tubules. The 13-protofilament symmetry is set by the γ -tubulin 46 ring complex in the basal body [21] [22] [23] . At the protrusion point from the cell, the transition zone is located 24 , 47 where the C-tubules end while the A-and B-tubules keep extending as a doublet microtubule (dMT). In 48 motile flagella, two MTs called the central pair (CP) start in the transition zone and extend along the 49 dMTs, creating an ordered 9+2 MT arrangement. Together with associated protein complexes, this 50 arrangement is called an axoneme ( Figure 1A) , which is the molecular machine that generates the motility 51 of flagella. The structure of the axoneme is considered to be conserved throughout evolution 1, 4, 25, 26 . 52
However, a structural variability amongst flagella of different species is becoming increasingly apparent 53
Since ultrastructural information from human flagella is limited, in this study cryo-electron tomography 55 (cryo-ET) was performed on intact human sperm tails. 56
In our model of choice, the mammalian spermatozoon, the flagellum is divided into three pieces ( Figure  57 1B) 30 . Starting at the distal tip, the end piece, the flagellum simply consists of the axoneme and the 58 plasma membrane around it, without any supplementary structures. In the distal segment of the end piece, 59 called the singlet region, the axonemal 9+2 symmetry is lost and the MTs extend as singlets 13,31,32 . In the 60 principal piece, which includes most of the flagellum length, the axonemal dMTs are supported by nine 61 outer dense fibers, which are thought to protect the flagellum integrity 33 , to stabilize the axonemal 62 structure 34 and to modulate the power and propagation of its beat 35, 36 . In addition, the axoneme and outer 63 dense fibers in the principal piece are surrounded and protected by the fibrous sheath, a protein matrix 64 with a rib-like structure 30,37 . In the mid-piece, a mitochondrial sheath wraps around the axoneme and 65 outer dense fibers, providing energy for the motility of the cell 30 . 66
The most distal tip is where the flagellum can grow and shrink. Therefore, it functions as a molecular 67 traffic hub, where all the materials required to build the flagellum are delivered via the intra-flagellar 68 transport (IFT) system 38 . There is an ultrastructural heterogeneity between the distal tips of different 69 organisms 27, 29 . In the flagellar tips of model organisms like Chlamydomonas reinhardtii or Tetrahymena 70 thermophila, the incomplete B-tubules of dMTs end and the A-tubules extend together with the CP to the 71 tip extremity, creating the singlet region 39-41 . However, this region is completely absent in other models 72 like Leishmania mexicana and Trypanosoma brucei 29, 42, 43 . In rodent spermatozoa, the singlet region 73 includes the CP together with pairs of "duplex" MTs -singlet MT (sMT) extensions of A-and B-tubules from the same dMT 31 . The human singlet region contains up to 18 different sMTs 13, 32, 36 . Since there are 75 only 9 A-tubules and 2 CPs, any tip containing more than 11 sMTs suggests that the B-tubules in the 9+2 76 axoneme might be able to extend as complete sMTs as well. Our working hypothesis is therefore that the 77 B-tubule can extend as a sMT in human sperm tails. To test this hypothesis, we examined the structure of 78 the flagellar tips and the singlet region in human spermatozoa using cryo-electron tomography. These In order to investigate the ultrastructure of human flagella, cryo-electron tomograms were acquired on the 90 end pieces of 23 spermatozoa. Additionally, 2D montages of cryo-electron micrographs of the sperm tail 91 were acquired for each imaged cell, so that the position of each tomogram could be measured. A great 92 morphological variability between different cells was observed in the montages (Figure 2A -E). Some end 93 pieces had a constant thickness before gradually tapering to a round tip ( Figure 2A) , another sperm tip 94 ended with only one sMT at the extremity ( Figure 2B ). Individual sperm cells also showed large 95 variability in flagellum thickness. The thickness was measured at regular intervals from the tip in cryo-96 electron micrograph montages ( Figure 2F ; Supplementary Video 1). 97
The largest change in thickness was observed within the most distal 8 µm, where the flagellum went from 98 a tip thickness of 89 ± 44 nm (mean ± stdev) to 429 ± 36 nm ( Figure 2F ). In particular, the thickness 99 mostly varied in two flagellar regions: at the distal 3 µm of the tip, including the singlet region, and 100 approximately between 5 and 8 µm from the tip, corresponding to the transition between the end piece 101 and the principal piece ( Figure 2F ). Within the principal piece, the flagellar thickness only slightly but 102 significantly varied, reaching 501 ± 34 nm at 29 µm from the tip (t test between 8 and 29 µm from tip, p < 103 0.002). All data points had high standard deviation values, which reflects the observed high degree of 104 heterogeneity between individual cells. 105
In this study, the singlet region was defined as the distance between the tip and the point where singlet 106 and dMTs are present in equal number. Singlet and dMTs were counted for each acquired tomogram 107 ( Supplementary Figure 1 ) and the singlet region length was measured in three cells (2.4, 2.35 and 3.2 µm 108 respectively), averaging to 2.7 µm. In the singlet region, no large structures other than MTs were seen and 109 the flagellum thickness positively correlated with the MT number (R 2 = 0.808, Figure 2G ), suggesting 110 that the MTs may be the main factor determining flagellum thickness at the tip. The MT number found in 111 the singlet region was greatly variable, ranging from 2 to 14 sMTs, and no dMTs were ever observed 112 closer than 1.6 µm to the tip (Supplementary Figure 1 ). In addition, the CP was found to terminate before 113 other MTs in tomograms of two individual cells. 114
The end piece length was measured as the distance between the tip and the starting point of the fibrous 115 sheath, corresponding to an average of 6.3 µm (n = 19). Analysis of the tomograms revealed that the 116 increase in thickness observed at the transition point into the end piece is caused by the start of the fibrous 117 sheath, whose structure was included in 11 tomograms at different distances from the tip ( Figure 2H -J). 118
The fibrous sheath started close to the axoneme but without any apparent auxiliary structure ( Figure 2H ). 119
It then enveloped the entire principal piece with its filamentous and interconnected rib-like structure, 120 which was visible in longitudinal ( Figure 2I ) as well as in tangential view ( Figure 2J ). 121
In summary, these results indicate that the number of MTs may be the main factor in determining flagellar 122 thickness in the end piece and that auxiliary structures like the fibrous sheath are responsible for 123 spermatozoa thickness in the principal piece. 124 s  c  a  n  s  p  l  i  t  i  n  t  o  t  w  o  s  i  n  g  l  e  t  m  i  c  r  o  t  u  b  u  l  e  s  i  n  h  u  m  a  n  s  p  e  r  m  f  l  a  g  e  l  l  a   126 Three sperm tail tips were included among the acquired tomograms. In order to gain more insight in the 127 ultrastructure of the singlet region, their MT number was counted at regular intervals from the tip, 128 revealing diverse MT termination patterns ( Figure 3A ). MTs could terminate as far away from the 129 flagellar tip as 1 µm, some extended all the way to the tip and most MTs ended approximately 300-400 130 nm away from it. The MT number varied between the three tips, which respectively contained 10, 11 and 131 14 sMTs ( Figure 3A ). The third flagellar tip, shown in cross-view ( Figure 3B -C), stood out for having 14 132
complete MTs, which is more than the eleven MTs the 9 A-tubules and 2 CP MTs would form together. 133
This observation supports the hypothesis that dMTs can generate two sMTs in human flagellum end 134
pieces. 135
In an attempt to understand which axonemal MTs the sMTs extend from, tomograms of human 136 spermatozoa that were acquired between 1 and 3.5 µm away from the tip were examined. A tomogram 137 acquired 2 µm from the tip revealed dMTs transitioning into the singlet region by three different modes 138 ( Figure 3D -I, Supplementary Video 2). As hypothesized, A-tubules and B-tubules originating from the 139 same dMT split apart and continued as two complete sMTs (n = 3; Figure 3D Tomograms of two other cells also included the transition of the complete axoneme into the singlet 143 region, however they did not contain more than 11 sMTs. In these tomograms, all B-tubules terminated 144 while the A-tubules extended to the tip, once again revealing a structural variability in the human sperm 145 tip. 146
All 14 MTs in the end piece shown in Figure 3B -C were successfully used for sub-tomogram averaging in 147 a previous study 32 , confirming that they were all complete 13-protofilament MTs. Therefore, the de novo 148 formation of three protofilaments had somehow initiated on the incomplete 10-protofilament B-tubules. 149
In addition, while the recently discovered TAILS structure 32 was decorating the lumen of every MT in 150 the tomogram with splitting dMTs, no obvious electron density was observed to specifically localize at 151 the splitting points. We conclude that in human flagellar end pieces the B-tubule can sometimes, but not 152 always, extend as a separate sMT. regions where the broken fragments are located. However, only distal MT terminations were observed in 176 our tomograms, therefore we consider this second scenario to be unlikely. Our hypothesis that dMTs can 177 split into two sMTs was also confirmed by the direct visualization of dMT splitting events both in human 178 and bovine spermatozoa ( Figure 3D-I and 4E ). Sub-tomogram averaging of the sMTs at the sperm tip 179 confirmed that all MTs had 13 protofilaments 32 . Therefore, the formation of three additional 180 protofilaments on the incomplete B-tubule is initiated de novo at the splitting locus. Currently unknown 181 structures might be responsible for inducing these splitting events and for the formation the three new 182 protofilaments. We do not know of any protein that separates dMTs, but a hypothesis is that the plus-end tracking protein EB1 helps the initiation of three new protofilaments, since it has been reported to 184 promote 13-protofilament MT formation 44 and tubulin sheet closure 46 in vitro. The small size of EB1 (30 185 kDa) 47,48 would further speak for this, since we saw no distinct electron densities at the site of dMT 186 splitting. Alternatively, the currently uncharacterized TAILS structure 32 may somehow be involved in 187 these processes. An additional hypothesis could be that a larger complex only temporarily assembles 188 during sperm maturation to split the dMTs. 189
What advantage might the spermatozoa gain by splitting dMTs? Since the number of splitting events does 190 not seem to be consistent between cells (in fact some do not split at all), and since the de novo nucleation 191 of protofilaments in B-tubules might not be 100% efficient ( Figure 3I) , it is possible that they may serve 192 as a source of variability. A high morphological intra-individual heterogeneity in human spermatozoa has 193 been previously reported in terms of ultrastructure 36 , motility and viability 49 . Given the large number of 194 sperm cells that are produced in mammals, this may be an evolutionary strategy to ensure that some will 195 succeed in fertilization. Another advantage of inducing sMTs might be related to the newly discovered 196 TAILS structure, which was hypothesized to stabilize MTs in the singlet region 32 . It is possible that 197 TAILS may stabilize sMTs more strongly than dMTs, therefore a transition from dMTs to sMTs would 198 maximize MT stability. 199
The fact that more than 11 MTs exist in the human sperm singlet region has been observed previously 200 13,32,36 . In rodent sperm, dMTs and the CP were reported to form "duplex" MTs that extended to the 201 flagellar tip, where they were tied together by capping structures 31 . This suggests that splitting of dMTs 202 may be a common phenomenon among mammals. However, contrary to rodent spermatozoa, no "duplex" 203 structure was observed in human flagella. MTs in the human singlet region did not terminate in pairs 204 ( Figure 3A ) and no apparent structures tied MTs together. 205
The CP was observed to terminate as far as 7.4 µm from the tip, in the principal piece (Supplementary 206 Figure 1 ) 32 . To the best of our knowledge, no human singlet region with more than 18 MTs (which 207 possibly originated by splitting of all 9 dMTs) has been reported. Therefore, we speculate that the CP in 208 
